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"electrochromic technology based on the ‘rare-earth diphthalocyanines.

or scandium.

I. INTRODUCTION

Future military cockpit instrumentafion systems will require versa-
tile matrix display panels that may be viewed through wide angles in
bright sunlight. The resolution must be adequate to present large
amounts 6f alphanumeric information in .page formats of the order of
6 x 6 inches. A full-color, flat-panel passive* display technology
could be used to great advantage in these systems and would find many
other applications. A new candidate for such purposes is an organic
(1-4)
This series of dye materials offers an outstanding combination of
display performance characteristics., Features include multiple colors,
low input voltage aﬁd energy, open-circuit memory, wide viewing angle,
and legibility from low to very high ambient light intensity.

Virtually a wholé spectrum of colors can be generated in a single
diphthalocyanine comﬁound by varyi&g the applied voltage. The response

is fast (<50 ms to write or-erase), even at a temperature as low as -50°C.

The structural formula of the Jdiphthalocyanine is indicated in
Figure 1. The metal atom connec.ing the two phthalocyanine dye units
can be any of the fourteen lanthanide rare eérths, as well as yttrium
(5) Thus, the diphthalocyanines comprise a large family of
new display materials, each with its. own multicolor characteristics.

To construct an electrochromic display. a film of the diphthalocyanine

is deposited by vacuum sublimation onto a transparent conductor such as

tin oxide, in which the display pattern is defined. This dye-coated

plate, initially green, is sealed into a cell containing a liquid electro-

- lyte and & counter electrode which is located outside the viewing area.

Application of d-c voitages ranging from approximately -1.5 to +1.5 V-
causes selected areas within the display pattern to change color. The
display can be front-lighted or back-lighted. It is very attractive

when projected on a large screen. ‘ S

*A passive display material is one'that does not emit light,




. Figure 1. Molecular Structure of a Lanthanide Diphtﬁalocyanine

(Spacing and angular placement of the rings. are schematic):

i

i




The first evaluation of lutetium diphthalocyanine as an electro-

chromic display material was made in a Rockwell project sponsored by the

(1,2 Performance data for this compound

Naval Air Development Center.
are summarized in Table 1. Subsequen:t work in these laboratories'has
yielded fundamental information dn electrochromic mechanisms and rate-

(6-8)

controlling processes in the diphthalocyanines. That research is

continuing under complementary Navy and Air Force programs.

The present report provides information for design of dot-matrix
displays using the diphthalocyanine electrochromic téchnology. This
study was sponsored by the Sensor and Control Technology Division of
the Office of Naval Research. The experimental approach was predicated
on the future availability of an electronic drive matrix that could be
‘built into the display panel. Each dot would then be addressed through
an individual switch, so that direct multiplexing td the display material

(9,10}

would be ﬁnnecessaryf Thin-film-transistor technology may offer

the best approach for the active-matrix drive.

The‘project had several objectives: To show the appearanée of =z
3 x 3.-inch, 24 lines-pér-inch (1pi) matrix panel using lutetium
diphthalocyanine as the multicolor material; to determine the electrical
switchiﬁg characteristics ofAindiﬁidual dots or small groups of dots in
such a panei; and to demonstrate resolution and memory for dots
surrounded by areas of a different color. The results include photo-
gfaphs and equiValehi-circuit parameters that help to definé the drive’
requirements. We conclude tlat further experimental development of

multicolor electrochromic dot-matrik displays is fully merited.
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-II. EXPr+ MENTAL PROCEDURES

This section describes the materials, display designs, fabrication
processes, and evaluation methods that were used in the dot-matrix

study.

A.  MATERIALS

Lutetium diphthalocyaniﬁe was prepared from lutetium acetate and

(1)

o-phthalcnitrile, as.described in a previous report. The tin oxide-
glass plates were 4 x 4-inch pieces from Corning Glass Works, fabricated
by a chemical spraying process. Sheet resistivities were in the range

of 8 to 10 or 21 to Zébohms/square. The electrolyfg was 1 M aqueous
potassium chloride, air-free in the sealed cells, and air-saturated in

the open cells that were used for the green-to-red transient measurements.
The counter and reference electrodes wefe silver-silver chloride (Ag/AgCl)
prepared by coating'siiver foil with porous silver and anodizing it in the
1 M KC1 électrolyte.f'This counter electrdde system was chosen for
experimental convenience. A less =xpensive electrode containing no

silver could be developéd for use-in praétical displays. .

B. DISPLAY DESIGNS AND FABRICATION

Without matrii;drive circuitry, every dot in the test panels could
not be independently addressed. Hence, the experimental displgys were
designed to have the appearance of a 3 x 3-inch dot matrix but to offer
limited pattern selection. Only certain groups of dots forming letters, .
numbers, or stripes could be written and erased, while the surrounding™
field of background dots remained green. This was accomplished in the
following wayf Switchable dye dotSweiein contact with the conductive
tin oxide, while unswitchable dots in thé.background‘érea were insulated
from the tin oxidelby.a layer of silicon dioxide. Etch lines in the tin

oxide film isolated the switchable characters from one another.




Three types of display plates were constructed as indicated in
Table 2. Design details are given'in Table 3, and prints made from
the photomasks are shown in Figures 2 througﬁ 4. 1In the transient -
test plate, the switchable areas were surrounded by insulated tin
oxide. The resolution/memory panel wdsfdesigned to show a few
switchable dots almost surrounded by larger swifchable backgrounds.
(Due to a fabrication: error, a d;fferent'pattern with large adjacent

switchable areas was actually obtained.)

The plates were fabricated by phofolithographic methods, using
Shipléy 13503 positive photoresist. Iron oxide masks for the tin

oxide, insulator, and dye layers were picduced with a computer-aided .

, design technique. The principal steps’in fabrication of a 3 x 3-inch

display plate were as follows:

(1) Lines were etched in the tin oxide with zinc dus; and a
soluticn composed of dilute sulfuric acid and methanol,
after appropriate photodelineation of a spun-on léyer

of photoresist.

(2) The insulator film wés'depbsited'by a chemical vapor
deposition silox process. This'process involves the
gaseous reaction of silane gas with okygenvat an

_elevated temperature to form avcontinuous pinhole-free

coating of Si0, on the displéy plate surface.

(3) The insulator was etched in the desired pattern with a-
buffered fluoride (bifluoride_plus hydrofluoric. acid)
etch solution after a second phctodelineat{on with the

appropriate photomask.

(4) A copper in-contact mask for the dye partern was fabri-
cated on top of the insulator-tin oxide plats by

vacuum deposition and photodelineation.
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TABLE 3

DIMENSTONS IN EXPLRIMENTAL DISPLAYS

Matrix Dimensions |, o '

Side of square dye dot 931 um

Dot repetition distance 1058 um
bot separation 127 uwm

Etch lines in tin oxide ‘ lam

Plate No. 1

Viewing area 7.62x7.62 cm {3x3 in.)
Total dots in viewing area 5184

Alphanumeric characters 5x7 dots

Spacing between characters 2 dots -

.ell thickn-ss 0.95 = .

Drive Matrix Sisulator (Gverlay)

Line. width ' 127 um
Line repetition distance 1058 um

Plate No. 2
Switchable areas 1, 2, 4;\15_dot3
 Insulated tin oxid~ fields ., L.7x1.7 ¢m , .
Width of silver -ovated tin 0.35 cm
oxide " rip
Plate No. 3

Viewing area .’ : 4.3x4.4 cm

Switchable .aréas* 1 or 2 dots
Surrounding switchable fields 7x7 dots
(excluding green strip)*

_Cell thickness . . 0.95 cm

“Switchanle arcas ditfered from design, duc to a fabrication
error, ' ' '
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(5) The dye was vacuum-sablimed over the coppér mask.

(6) The copper mask and the dye on top of it were removed with
& cupric chloride plus ammonia etchant. This left a

matrix of separate dye dots over the entire panel area.

, The matrix plates were attached to Lucite housings Qith a flexible
silicone sealant;, Dow Corning RTY Type 3140, which cures at room
temperature in moist air. The cell structure for 2.3 x 3-inch panel is
jillustrated in Figure 5. Electrical'conpections‘to the switchable
characters and lines were made through silver paste contacts applied on

the edges of the plate, which extended outside the cell housing.

c. EVALUATION METHODS

The sealed display panels were back-lighted through translucent
glass plates. These displays were activated with a portable potentio-
static drive unit to show patterns in red or blue, which were photo-

' graphed with Polaroid Type 58 Polacolor 2 film. Electronic flash
lighting gave the bgét results for the red characters, while daylight
photofloods were preferred for the blue. For this report, the cdlor
originals of the 3 x 3-inch panel were rephotographéd in black and
white, using a redvfiltér-to enhance,tﬁe contrast, The resolution/
memory panel was photographed directly in black and white; as well as

.color, ' . .

For determination of transient responses, test areas of dye
equivalent to 2, 4, and 16. dots were activated with voltag:® pulses
‘from a Princeton Applied Research (PAR) ﬁodel 173 potenticstat con-
trolled byva Modél 175 universal programmer. Figure 6 shows a photo-~
graph of the test assembly, The resulting cufrent énd‘charge'
transients were recorded on a Tektronix 564B dual-trace storage
oscilloscope. Known resistances were then added in series with the
' cefl to demonstate effects thé; could occur with resistive drive |
circuitry. The functional dcpcndcﬁce of the transients on addéd
resistance aiso permitted evaluation of circuit parameters for the

clectrocaromic switching process. N
N N
\,

\

12
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Figure 6. Test Assembly for Transient Measurements
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ITI. RESULTS AND DISCUSSION

The appearance of a 3 x 3-inch dot matrix panel is described and
documented photegraphically in Part A of this section. Results of the
transient study are presented in Part B, and the demonstration of reso-

Iution and memory at 24 lpi is reported in Part C.

A. 3 x 3-INCH MATRIX PANEL

Black-and-white photographs of a back-lighted 3 x 3-inch matrix
panel in different written stages are reproduced in Figure 7. A copper
screen overlay on a separate piece of glass was attached to the outside of
the cell to simulate the appearance of integrated matrix drive circuitry.
The 127-um lines of this screen were spaced to coincide with the open
areas between the dye dots. With'perfect registry of the patterns, there
would have been no leakage of light around the dots. A splotched
appearance actually resulted, due to parallax between the copper screen
and the plane of the electrochromic material, which allowed some light to
pass th}ough. This is an artifact of the simple overlay arrangement; it
would not occur with a drive matrix actually built into the display plate.
In areas where good pattern registry occurred, it was apparent that the
" drive matrix would not be visually objectionable at 24 lpi, although the
opaque "drive'" structure occupied 23 percent of the viewing area. A
drive matrix of the same lire width probably would be acceptable even'ai
50 lpi. For higher resolution, the micfoelectqonic structure should be

scaled down in proportion to the dot size.

Figure 7 shows that switching occurred with good pattern definition,
" but these black and white imaées cannot portray the aesthetic quality of.
the display. The red and blue characters on the green background were

attractive and clearly legible. A set of fhe'originat color photographs

was provided under separate cover to the Office on Naval Research.

15
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B. ELECTRICAL TRANSIENTS

The electrochromic film can bé switched by application of a coustant

current, a constant voltage, or a time-dependent input signal. Although

constant-current input provides responses amenable to simpler theoretical -

. intétpretation,(6’7)

this method is not recommended for a display cell
because the dye electiode may be inadvertently driven to higher voltages
at which the electrolyte is decomposed. With three-electrode potentio-
static control, which was used in this study, the overdriving groblem can
be avoided, and the measured response is that due tc the dye electrode
plus ahy resistance deliberately connected in series with it. The three
electrodes are the display electrode, the reference, and the counter
electrode. Once a practical counter electfode is fully developed, it can
serve as a reference electrode as well. A simpler two-electrode drive can
then be used., Details of the potentiostatic method for driving experi-

(1)

mental cells are given in a previous report.

Electrical parameters sought in thé present work included time
consténts, peak currents, and switching charges. A description of thg
transient behavior of the display glectrode, or matrix dot, in terms of
an equivalent circuit containing resistive and capacitive elements was
also desired. The transient analysis is developed on an operational;'
basis in Parts 1-3 below. The physical sigr ricance of the resulting
circuit parameters in relation to the electrochromic reaction mechanism
is then discussed in Part 4. . ' . , o

1. Transient Shapes, Time Constants, and Initial Currents

. The potentiostétic program for switching the dye from green to
red and back to green was as follows:

Ei 0.00 + 0.05-V vs Ag/AgCl
Adjusted manually fof zero current through the dye

electrode,

17




E 1,50 V or 2,00 V

2 .
Switching pulse of 100 to 500 ms, depending on dye area
and amount of series resistance; color changed from
green to red.

E3 Small negative pulse of about the same length to switch
back to green, ‘
E4 0.01 V

Final level, essentially the open-circuit condition for

green;reuaihed here until charge returned to zero.

Typical current' and charge.transients obtained with this switching
routine are shown in Figure 8. Qualitatively, the curves resembled those
of a resistor and capacitor in series. However, instead of approaching
zero asymptotically, as the current in that system would do, the digplay
current reversed direction toward the end of the charging pulse and
continued at a low level in opposition to the dfiving voitage. Corres-
pondingly, the accumulatcd charge pacssed through a maximum value q1 as
the current reversed; it then slowly d1m1n1shed.,

For a simple resistor R and capacitor C in series, the current i

'should decdy exponentially in accordance with Equation (1).

[(E, - E;)/R] exp(-t/RC) Q)

Although the electrochromic system is more complicated, it was of interest
to examine the plot of log i vs t suggeéted by this equation. Figure 9°
shows a series of these plbts for a. 16-dot dye area with added resistance
Ra ranging‘frdm 0 to 600 ohms. Similar sets of stréight{lines’were -
‘obtained for the 4-dot and 2-dot areas. A time constant t could be
evaluated from the slope: ' :

T = RC = - 1/(dn i/dt) | 2)

18
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A current parameter it-o was also found by extrapolating the linecar plot

to zero time. The actual peak current at the beginning of the pulsé
could noi be determined accurately because the~o$cilloscopé trace was
initially very steeﬁ. Moreover, the extrappfatedﬂcurrent represents
the system with an infinitesimal number‘of red molegules presenf in

addition to the green. This concept is useful in a chemical model.

Transient data, including the time constﬁnts and extrapola;ed'
initial currénts, are given in Table 4._1The values of t are consistent
with switckrng times well below 50 ms that are generally observed for
lutetium diphthalocysnine. Without added resistance, only the 4-dot
area had a time constant greater than 50 @5.. This might have been due
to nonuniformity or surface contamination of the dye film' or the tin

oxide substrate.

2. Resistance Parameters

The total resistance R£ of the display electrode circuit can be
expressed as the sum of three terms
'R_=R_+R_+R ‘ ' 3
Rt o c a )
where Ro represents an effective resistance within the dye film and its
interfacial regions under current flow; R, is the resistance of ‘the
transparent conductor; and Ra is the added series resistancé. With the
reference electrode located near the dye surface, the electrolvte

‘resistance could be neglected.

.The tin oxide resistance RC was also'negligible, even with the
smallest dye areas nsed in these experiments. This was shown by the
apbroximation method outlined in Figure 10. 'fhe concentric-circle model
is closely related to fhe test-plate geometry and is mathematically much
simpler. Calculated resistances for several values of»rolri are given
in Table 5. These estimates indicate that Rc was below 5 ohms in the

transient test plates. The last two ‘rows bf,the table show that a large
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Metal Contact

Insulator Over Transparent Conductor:

Dye on Transparent Conductor

(a) Transient Test Pattern for 16-Dot Dye Areé

T
o
P 2 r
s dr s )
et ) v T nhE
T3
Rc‘ Resistance of transparent conductor from metal
contact to dye dot |
L Sheet resistivity of transparent conductor ‘
T Outer radius of transparent conductor (inner ;
radius of metal contact)
T, Inner radius of transparent conductor (radius.

of ‘dye dot)

{b) Circular Model

Figure 10. Method for Estimation of Tin Oxide ,
Resistance in Transient Test Plate




TABLE 5

IN TRANSIENT TEST PLATES®

ESTIMATED -RESISTANCE OF TRANSPARENT CONDUCTOR

Approximate

Approximate

Test Corresponding Rc/ps c 3
Pattern r, /Ty (squares) (ohms}
16 Dots 4.6 0.24 2.4

2 Dots 9.2 0.35 3.5

1 Dot 18.4 0.46 4.6

- 535 1.00 10

- 2.9x10° 2.00 20

%Based on concentric-circle approxilation (Figure 10).

bTaking P = 10 ohms/square.
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matrix drive plate ti:rough which any dot might be addressed with a

suitable switching array would not, in itself, contribute significant
resistance unless the sheet resistivity G were very large or the

resolution of the matrix were unrealistically high,

. The total resistaace Rt can now be expressed as

R =R +R S , (4)

Equation (1) suggests that kt might be evaluated from i _ . This is
not feasible, however, in the case of the electrochromic system be-
cause only part of the applied voltage is effective in driving the
electrochemical reaction. One canhot simply take Rt = (EZ - El)/it=o
but should at least include a term'E' representing a back emf of the
electrochemical.process. As an approiimation, then

Ro + Ra = (EZ - El - E')/it=o o (5)

. It is recognized that Equatibn (5) may be oversimplified; the nature of

(6,7)

the dye electrode process suggests that R and E' may not be

constant. It is of interest, nevertheless, to examine the data thh

respect to this equatlon.

Since El'happened to be near zero* in all of the experiments,
Equation (5) can be rewritten in the form

Vi, ® /e, - EN] (R, s R) o (6)

‘

If conditions were such that ‘both E' and R could be treated as constants,
a plot of 1/1 o Vs R would be linear. The resistance R ‘would be

found from a negatlve 1ntercept on the R "axis, and E' hould be determined
from the slope.

*This is a fortuitous result of using an Ai/AgCl reference electrode.
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Plots of this kind for the experimental transients are.sﬁown in
Figures 11-14. Near = all of the points did fall om straight lires,
and a negative resis - ance interceﬁt was obtained in every case. The
values of Ro and E' found in this way are included in Table 4.

.

3. Capacitance Parameters

For a simple series resistance-capacitance model, the value
of C could be determined easily from dependence of the time constant
on total resistance. . Thus, a plot of 1 vs R would have 3 slope equal
to C and an intercept on the time axis equal to R C. In Figure 15,
the values of t from the logarithmic current plots are shown as
functions of the resistance-area product RdA' This plotting variable
was used instead of resistance so that the curves for all of the dye
areas could be presented on the same graph.

Although only one of these plots was linear, three of them had
rather consistent intercepts in the range of 10 to 20 ms. It was
noted previously that the 4-dot area switched more slowly, due
apparently to some extraneous resistance. The one linear plot of 1
vs RaA, for the 2-dot area with a th-g pulse, had a slope corre-
sponding to a capacitance of 570 uf/cm”, or 4.8 uf/dot. It should be
noted that this capacitance was evaluated for conditions involving
large amounts of series resxstance. It is considerably smaller than
1480 uf/dn or 12.6 uf/dot, which was determined for the same pulse
height at. zero added resistance by means of Equation (7).

C/A = 1 /(5 A) - | (7

4, Circuit Parameters and the Electrochronic'Mechanis-

Our previous research has shown that the green-to-red trans-
formatxon of lutetium dxphtha!ocyanine (LuH(Pc)Z] in a chlorxde
electrolyte proceeds through the Teaction

27 : ' y ,
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LuH(Pc)2 + nCl -~ LuH(Pc)z-nCl + ne
Green ' Red

The number of electrons n appezred to be two for the elemental process,
but significant deviations from n = 2 have been observed,(ﬁ-s) This
electrochemical reaction accounts for the very large capacitance associ-
ated with the switching process. Since the electrons removed from the
dye are compensated by anions, the appropriate equivalent circuit
element is a pseudocapacitor rather than a conventional parallel-plate

condenser.

A galvanostatic transient study led to a p.. ical description of
the switching mechanism.(7) Those results indicated that thé red/green
boundary traveled through the film from the solution interface toward
the tin oxide surface. The rate-controlling factor was a space change
in the red film. Clearly, a constant resistance in series with the
pseudocapacitance cannot adequately represent such a system. However,
the RC model still provides a useful frame of reference. It predicts,
for example, that the time constant to of the display electrode should
be ipdependent of the dye area, since the capacitance Co should be
directly proportional to the area, while the resistance Ro should be

inversely proportional to area.

The electrical parameters for a unit areé of dye in the absence of

added re51stance are given in Table 6. The time constant T, was
essentially the same for the 2-dot and 16-dot test areas,although R A
and C /A depended on' the pulse height.

It is of interest to compare the exper1uental charge dens1ty im /A
~ with that predicted from the electrochemical reactlon. For the dye
thickness used in the traqs1ent measurements, a value of 3.02 mC/cm-2
would correspond to n = 2, Only at the higher pulse of 2. 0 V, with R
was this charge density actually attalned. The added ser1es r951stance

was expected to delay the switching process. It is now apparent that it '
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also affected the extent of completion of the electrochromic reaction.

This is shown directly in Table 4, and indirectly in Figure 16, where

qlim/A is plotted against the extrapolated initial current density

i /A.  The extrapolated current bears an inverse relationship to the

t=0
total resistance Rt in the dye electrode circuit. It will be recalled

that Qyip W3S evaluated at the point of current reversal. This
interesting feature of the transients has not yet been explained on a
mechanistic basis. It will be investigated in our continﬁing basic
research program. Meanwhile, it is significant that the electro-
chromic display may be switched more completely when it is switched
rapidly. From a display-engineering viewpoint, this is a favorable
situation, '

35




/A (mC/em?)

lim

Q

¢

16 DOTS
E, =:1.50V

-

.

0

Figure le,

100

bependence of Ch.vgo Denstty on Extrnpolated
Initial Current De.sity

36

lyag/A  (mA/cm)

200

Apparent n (Electrons/Molecule)




c. RESOLUTION AND MEMCRY

Each dot in a matrix display must be independently addressable,.
Its color must not be influenced by that of the surrounding region,
even on standing. When these conditions are met, the display is said
to have re-olution and memory at the number of lines per inch character-

istic cf the plate design.

Lutetium diphthalocyanine responds to positive input voltages

"through the electrochemical oxidation reaction involving removal of

electrons and injection of anions. This process changes the color from
green to red. When a negative Qoltagebis applied, the green dye under-
goes a reduction process with injection of electrons and cationms. It
then turns blue-green, blue, or violet. Two dots that have been

charged by opposite voltage pulses are capable of acting as a battery

if they are connected by an electruric conductor while submerged in the

electrolyte. A red dot and a blue dot interacting in this way will

return spontaneously to green., For this reason, multiplexed addressing

is not suitable. Even though thresholds exist in the responses of color

(11)

to the driving voltage, electronic isolation of the dots is essential

to achieve memory. This requires complete etching of isolation lines in

the transpafent conductor. - It also requires that the dye film be dis- .

continuous in the livse areas, since it too is electronically conductive
while in the green sta:c. ' E

[

Test panels for the demonstracion of resolution and memory at 24

1pi were fabricated by means i the masks 'shown in Figure 4. However,

through a processing error, the insulated and bare tin oxide areas were
inadvertently re&ersed This problem was discovered too late for
cofre;tion within the,Contrarf pericd. Althdugh,tﬁe resulting pattern
did not show one on ".wo red dots surrounded by blue, or the inverse of
this, as planned, it did produce large red and blue areas adjacent to

one anot :r. Figure 17 shows that those adjacent areas were switched
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independently with good pattern'defipition. Only moderate fading of

the image occurred in 10 min on open circuit. The fading probably
Qas due more to incomplete etching of the plate than to direct chemi-
cal reactions of the dye. With heavily scribed lines in the tin

oxide, other model cells have retained adjacent red and blue stripeé

at least 3 days. :
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IV. CGNCLUSIONS

The lutetium diphthalocyanine system is capable of producing aﬁ
attractive multicolor dot-matrix aisplay with good legibility and
memory at 24 lpi. Higher resolutinn should be attainable with
essentially the same fabrication techniques. Integrated matrix drive
circuitry will be needed to construsct a fully operational matrix in

which each dot is independently addressable.

The conclusions below are drawn from a brief transient stﬁdy

in which approximate circuit parameters were determined for the green-

to-red switching process. '

(1) A series resistance-capacitance model is useful in discussion .

© of the display transients, even though the equivalent-circuit
comﬁonents are current- or voltage-dependent. The apparent
capacitance Co associated with the electrochromic process is
essentially proportional to the electrode area, while the
apparent resistance Rb is inyersely proportional to area.

(2) For a relatively thick dye film with an inital opticéi density
of 1.30, the capacitance term C /A is 800 to 1,500 uf/cmz,
depending on the height of the 1nput voltage pulse, and. the
~area resistance term ROA is typically <25'ohms'cm2.' Res;stancg
effects of the electrolyte and the tin oxide were negligible
with the cell arrangement used for the transient neasureqénts.

(3) A time constant ro of 10 to 20 ms 1s characterxstxc in 9w1tch-,
.ing this film from ‘green to red.

(4) The parameters RdA, CO/A, and *o are inherent in»the‘electroQ
chromic process at the dye thickness used. '




(5) If the power were applied to a dot matrix ihrough a large trans-

parent drive plate, the substrate resistance effect could still
be negligible, even at high resolution. This was shown by a
simple mathematical model. The resistance of the individual
switch, or driver, must ;lso be low in comparison with Ro for
the dot. For example, at 24 1pi, the driver resistance should
be <<3000 ohms. '

Further work toward the development of phthalocyanine dot-matrix

displays is merited on the basis of this feasibility study.
v .




V. RECOMMENDATIONS FOR FURTHER WORK

 The following tasks are recommended for further development of

multicolor electrochromic matrix displays based on_the diphthalocyanines:

f

(1) Improvement of color contrast and cycle life through experi-
mentation designed for these objectives. This work should
be done with simple laboratory cells rather than complete

matrix panels.

1

(2) Evaluation of othér compounds in the dipthalocyanine series.,

(3) Adaptation of integrated matrix drive to the diphthalocyznine

electrochromic system.

'

VI. ACKNOWLEDGMENTS

Acknowledgments are due to P. E. Green for development of the
computer-aidcd mask-design data and to A. M. Clark for experimental
assistance in fabrication of the display plates. R. V. Galiardi con-

tributed to early phases of the design work.




m m o mom O 0 >

W0 o~ O

fon
[N
El

L T - - - - - B - B - B < I =}
R o S T o TR )

o

o

4 © e~
w

VII. GLOSSARY OF SYMBOLS

Electrode area -

Capacitance . _
Effective capacitance of dye electrode without added resistance
Open-circuit potential of dye electrode in green state

Pulse potential for switching from green to red

Pulse potential for switching from red to green

1 1

(A1l potentials are given vs Ag/AgCl reference electrode.)

Final potential, 10 mV .more positive than E

Back emf due to the electrochromic system
Current
Extrapolated current at t = o

Number of electrons transferred per molecule of dve in the
electrochromic reaction

Charge for green-to-rqd switching

Charge at maximum in trace of q vs t

Resistance

Added resistance in series with display electrode
Resistance of transparent conductor

Effective resistance of.display electrode system

Total resistance in display electrode circuit

Radial distance in mathematical model of display substrate
Radial distance to metal contact in mathematical model
Radius of circular dye dot in mathematical model

Time , : E ‘ ‘
Sheet rasistivity of transpaient conductor

Time constant. of electrochromic process based on simple
resistance-capacitance model

Time constant without added series resistance

'
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